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Malic acid is a potential biomass-derivable “building block” for chemical synthesis. Since wild-type Sac-
charomyces cerevisiae strains produce only low levels of malate, metabolic engineering is required to achieve
efficient malate production with this yeast. A promising pathway for malate production from glucose proceeds
via carboxylation of pyruvate, followed by reduction of oxaloacetate to malate. This redox- and ATP-neutral,
CO2-fixing pathway has a theoretical maximum yield of 2 mol malate (mol glucose)
1. A previously engineered
glucose-tolerant, C2-independent pyruvate decarboxylase-negative S. cerevisiae strain was used as the platform
to evaluate the impact of individual and combined introduction of three genetic modifications: (i) overexpres-
sion of the native pyruvate carboxylase encoded by PYC2, (ii) high-level expression of an allele of the MDH3
gene, of which the encoded malate dehydrogenase was retargeted to the cytosol by deletion of the C-terminal
peroxisomal targeting sequence, and (iii) functional expression of the Schizosaccharomyces pombe malate
transporter gene SpMAE1. While single or double modifications improved malate production, the highest
malate yields and titers were obtained with the simultaneous introduction of all three modifications. In
glucose-grown batch cultures, the resulting engineered strain produced malate at titers of up to 59 g liter1 at
a malate yield of 0.42 mol (mol glucose)1. Metabolic flux analysis showed that metabolite labeling patterns
observed upon nuclear magnetic resonance analyses of cultures grown on 13C-labeled glucose were consistent
with the envisaged nonoxidative, fermentative pathway for malate production. The engineered strains still
produced substantial amounts of pyruvate, indicating that the pathway efficiency can be further improved.
Malic acid, a four-carbon dicarboxylic acid, is currently used
mainly as an acidulant and taste enhancer in the beverage and
food industry. Racemic malic acid is synthesized petrochemi-
cally from maleic anhydride. Enantiomerically pure L-malic
acid (e.g., for production of pharmaceuticals) is produced from
fumarate (synthesized from maleic anhydride) by enantioselec-
tive hydration with fumarase, using either immobilized cells or
isolated enzyme (6, 19). Increasing oil prices, concerns about
climate change, and advances in the field of metabolic engi-
neering have fueled renewed interest in the production of
organic acids by microbial fermentation (20). In 2004, the U.S.
Department of Energy included a group of 1,4-dicarboxylic
acids, consisting of succinic, fumaric, and malic acids, in the top
12 most interesting chemical building blocks that can be de-
rived from biomass (61).
In 1924, malic acid was identified as a product of yeast
fermentation (7). Since then, malic acid production has been
observed for a wide range of microorganisms. Fermentative
production of malic acid has been most successfully demon-
strated with Aspergillus flavus, achieving 63% of the maximum
theoretical yield of malic acid on glucose at high production
rates and titers (4). Since its potential aflatoxin production
disqualified A. flavus as a producer of food-grade chemicals
(16), malic acid production was studied with other organisms,
including the yeast Saccharomyces cerevisiae (Table 1). The
highest reported malic acid concentration obtained with S.
cerevisiae thus far is 12 g liter1, which was achieved by over-
expression of the cytosolic isoenzyme of malate dehydrogenase
(Mdh2p) (41). Recently, another yeast, a natural isolate of
Zygosaccharomyces rouxii, was shown to produce up to 75 g
liter1 of malic acid in a complex medium containing 300 g
liter1 glucose (48).
Four metabolic pathways for the production of L-malic acid
from glucose can be identified (Fig. 1). (i) The first of these is
carboxylation of pyruvate (S. cerevisiae lacks phosphoenolpyru-
vate carboxylase) to oxaloacetate, followed by reduction of
oxaloacetate to malate. If pyruvate is produced in glycolysis,
this nonoxidative pathway is ATP neutral and involves a net
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fixation of CO2, resulting in a maximum theoretical malate
yield of 2 mol (mol glucose)1. (ii) The second pathway is
condensation of oxaloacetate and acetyl-coenzyme A (acetyl-
CoA) to citric acid, followed by its oxidation to malate via the
tricarboxylic acid (TCA) cycle. If acetyl-CoA is generated by
pyruvate dehydrogenase and oxaloacetate by pyruvate carbox-
ylase, the conversion of glucose to malate via this oxidative
pathway results in the release of 2 CO2, thus limiting the
maximum theoretical malate yield to 1 mol (mol glucose)1.
(iii) Formation of malate from two molecules of acetyl-CoA
via the glyoxylate cycle is the third pathway. In this alternative
oxidative pathway for malate production, the maximum malate
yield on glucose is limited to 1 mol mol1 due to the oxidative
decarboxylation reaction required for acetyl-CoA production
from pyruvate. (iv) Fourth is a noncyclic pathway that involves
the glyoxylate cycle enzymes, but in which oxaloacetate is re-
plenished by pyruvate carboxylation, resulting in a theoretical
maximum yield of 1 1/3 mol malate per mol glucose.
Metabolic engineering of S. cerevisiae for high-yield produc-
tion of organic acids requires the elimination of alcoholic fer-
mentation which, in this yeast, occurs even under fully aerobic
conditions when high concentrations of sugar are present (42,
57). While deletion of the three pyruvate decarboxylase genes
(PDC1, PDC5, and PDC6) in S. cerevisiae completely prevents
alcoholic fermentation (24), C2 compound auxotrophy and in-
tolerance for high glucose levels (13, 14) complicate the use of
pyruvate decarboxylase-negative (Pdc) strains as a metabolic
engineering platform. In a previous study, we applied evolu-
tionary engineering in batch and chemostat cultures to select a
glucose-tolerant, C2-independent Pdc
 S. cerevisiae strain (53).
In aerobic, glucose-grown batch cultures, this strain produced
large amounts of pyruvate, which is an intermediate for malate
production.
The aim of the present study is to explore a strategy for the
metabolic engineering of Pdc S. cerevisiae for malate produc-
tion that encompasses carboxylation of pyruvate to oxaloace-
tate, followed by reduction to malate, a route with a maximal
theoretical yield of 2 mol malate per mol of glucose. To this
end, the impact on malate production of the separate and
combined introduction of three genetic modifications will be
analyzed in a glucose-tolerant, C2-independent Pdc
 strain: (i)
overexpression of pyruvate carboxylase, (ii) high-level expres-
sion of cytosolic malate dehydrogenase activity, and (iii) func-
tional expression of a heterologous malate transporter, be-
cause malate transport rates via diffusion across the S.
cerevisiae plasma membrane (58) may be too low for efficient
malate production. To verify whether the malate produced by
an engineered strain was indeed produced via the envisaged
nonoxidative pathway, metabolic flux analysis was performed,
based on 13C nuclear magnetic resonance (13C-NMR) label-
ing data of extracellular metabolites after cultivation on
[1-13C]glucose.
MATERIALS AND METHODS
Strains and maintenance. All strains used in this study (Table 2) are derived
from the S. cerevisiae CEN.PK strain family (51). Stock cultures were prepared
from shake flask cultures by the addition of glycerol to culture broth (20%
vol/vol) and storage of 2-ml aliquots in sterile vials at 80°C. Stock cultures were
grown on a synthetic medium consisting of demineralized water, 20 g liter1
glucose, 5 g liter1 (NH4)2SO4, 3 g liter1 KH2PO4, 0.5 g liter1 MgSO4  7
H2O, vitamins, and trace elements (56), with a pH of 6 (set with KOH). During
construction, strains were maintained on complex medium (YP; 10 g liter1 yeast
extract and 20 g liter1 peptone [both from BD Difco]) or synthetic medium
(MY) (56) supplemented with glucose (2%) as the carbon source (YPD or
MYD) and, for the plates, with 1.5% agar.
Construction of a trp1 null mutant of S. cerevisiae TAM. All S. cerevisiae strains
in this study are based on the ura3 Pdc TAM strain (53). To allow for the
introduction of additional plasmids, a second marker was introduced by deletion
of TRP1. A deletion cassette that confers Geneticin resistance was made by
performing a PCR on plasmid pUG6 (22) using the oligopeptides 5trp1::kanlox
and 3trp1::kanlox (Table 3) and was used for the transformation of TAM.
Transformants were selected on YPD containing 200 g ml1 Geneticin (G418;
Invitrogen/GIBCO), restreaked on the same medium, and verified by testing for
tryptophan auxotrophy and by diagnostic PCR, using 5TRP1 plus KanA and
3TRP1 plus KanB primers (Table 3). RWB961 was identified as a trp1 deletion
mutant and was used to construct all further strains.
Plasmid construction and transformation. The plasmids used in this work are
listed in Table 4. The S. cerevisiae MDH3 gene was amplified by PCR from
TABLE 1. Overview of production titers, yields, and rates presented in various studies of malic acid production by
fermentation-based processesa




(g liter1 h1) Reference
A. flavus 1962 60 0.84 0.1 Abe et al. (1)
1988 36 0.51 0.19 Peleg et al. (39)
1991 113 1.26 0.59 Battat et al. (4)
Rhizopus arrhizus and Paecilomyces varioti 1983 48 0.81 0.34 Takao et al. (49)
Monascus araneosus 1993 28 0.50 0.23 Lumyong and Tomita (30)
Schizophyllum commune 1997 18 0.48 0.16 Kawagoe et al. (26)
Z. rouxii 2007 75 0.52 0.54 Taing and Taing (48)
S. cerevisiae 1984 1 0.01 Fatichenti et al. (12)
1988 2 Schwartz and Radler (45)
1996 6 0.09b 0.18 Pines et al. (40)
1997 12 0.13b 0.38 Pines et al. (41)
2008 59 0.42 0.19 This study
a Yields are given in mol malate per mol glucose unless otherwise indicated.
b Galactose was used as the carbon source instead of glucose.
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chromosomal DNA of S. cerevisiae CEN.PK113-7D using the primers XbaI-
5MDH3 and 3MDH3-SalI. The resulting fragment contains the whole MDH3
gene, except for the last 9 base pairs that encode the peroxisomal targeting
sequence (the tripeptide SKL) (32). The PCR fragment was cut at the introduced
XbaI and SalI sites and ligated to p426GPD that was digested with SpeI and
XhoI, resulting in p426GPDMDH3SKL. The cassette containing MDH3SKL
flanked by the TDH3 promoter and the CYC1 terminator was cut from p426G
PDMDH3SKL using KpnI and SacI. The ends were made blunt using mung
bean nuclease (New England BioLabs, Beverly, MA) according to the manufac-
turer’s protocol, followed by ligation of the fragment into the multicopy plasmid
pRS2 (which carries S. cerevisiae PYC2) (47) cut with SmaI. This resulted in
pRS2MDH3SKL.
The gene coding for the Schizosaccharomyces pombe malate transporter,
SpMAE1, was amplified by PCR from chromosomal DNA of S. pombe L972
using primers XbaI-5SpMAE1 and 3SpMAE1-SalI. The resulting fragment was
digested with XbaI and SalI and ligated into p425GPD cut with SpeI and XhoI.
This resulted in p425GDPSpMAE1, which was then digested with KpnI and SacI
to obtain the cassette with the TDH3 promoter, SpMAEI, and the CYC1 termi-
nator. The cassette was ligated into the multicopy plasmid YEplac112 that was
also digested with KpnI and SacI, resulting in YEplac112SpMAE1.
Restriction endonucleases (New England BioLabs and Roche, Basel, Switzer-
land) and DNA ligase (Roche) were used according to instructions supplied by
the manufacturers. Plasmids were isolated from Escherichia coli with a QIAprep
Spin miniprep kit (Qiagen, Hilden, Germany). DNA fragments were separated
on a 1% agarose gel (Sigma, St. Louis, MO) in 1 Tris-borate-EDTA (44).
Fragments were isolated from the gel using a QIAquick gel extraction kit (Qiagen).
MDH3SKL and SpMAE1 were amplified using VentR DNA polymerase (New
England BioLabs) according to the manufacturer’s instructions. PCR was performed
with a Biometra TGradient thermocycler (Biometra, Go¨ttingen, Germany) in 30
consecutive cycles of annealing (1 min at 60°C), extension (3 min at 75°C), and
denaturation (1 min at 94°C).
Plasmids were amplified in E. coli XL1 Blue (Stratagene, La Jolla, CA). E. coli
transformations were performed according to the method described by Inoue et
al. (25). For plasmid isolations, E. coli was grown on Luria-Bertani plates or in
liquid Terrific broth medium (44). Yeast transformations were performed ac-
cording to the method described by Gietz and Woods (18). After transfor-
mation of RWB961 with the various plasmids, the yeast strains were plated on
solid MYD.
Shake flask cultivation. Shake flask cultures were grown on synthetic medium,
consisting of demineralized water and 100 g liter1 glucose, 3 g liter1 KH2PO4,
6.6 g liter1 K2SO4, 0.5 g liter1 MgSO4  7 H2O, and 1 ml trace element
solution (56). For the 13C-NMR analyses, 100 g liter1 D-[1-13C]glucose (99%
13C labeling purity; Campro Scientific GmbH, Germany) was used. After the pH
was set to 4.8 with KOH and the solution was heat sterilized for 20 min at 110°C,
a filter-sterilized vitamin solution (56) (1 ml liter1) and urea (to a final con-
centration of 1 g liter1) were added. Urea was used as the only nitrogen source
in all experiments to avoid additional acidification of the medium by ammonium
uptake, which especially for precultures was undesired. Shortly before inocula-
tion with 1 g liter1 of biomass dry weight, medium (100 ml) was added to sterile
500-ml round-bottom flasks containing 5 g of CaCO3, as dissolving of CaCO3
would otherwise lead to a too-high initial pH. Shake flasks were incubated at
30°C and 200 rpm in a rotary shaker. For shake flask cultivations starting with
FIG. 1. Four possible pathways for malate production in S. cerevisiae, using oxaloacetate and/or acetyl-CoA as precursors. (I) Direct reduction
of oxaloacetate. (II) Oxidation of citrate via the TCA cycle. (III) Formation from acetyl-CoA via the cyclic glyoxylate route. (IV) Formation from
acetyl-CoA and oxaloacetate via the noncyclic glyoxylate route. OAA, oxaloacetate; MAL, malate; CIT, citrate; ICI, isocitrate; AKG, -ketoglu-
tarate; SUCC, succinyl-CoA; SUC, succinate; FUM, fumarate; C2, acetyl-CoA; Ysp
max, maximum theoretical yield (in mol malate per mol glucose).
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200 g liter1 glucose, 15 g of CaCO3 was added per flask to prevent CaCO3
depletion.
Precultures were grown under identical conditions except for the amounts of
glucose (20 g liter1) and urea (2.3 g liter1), the pH (set to 6.0 with KOH), and
the lack of CaCO3. Preculture shake flasks were inoculated with 2 ml of stock
culture. After 48 h of cultivation, the broth was centrifuged. The pellet was
resuspended in 10 ml demineralized water, and the cell suspension was equally
divided over two shake flasks with fresh preculture medium, in order to obtain
more biomass. After an additional 24 h of cultivation, the biomass concentration
was determined and the broth was centrifuged. Cells were resuspended in demi-
neralized water, and shake flasks with production medium were inoculated with
2 ml of cell suspension to obtain an initial biomass dry weight of 1 g liter1.
Chemostat cultivation for in vitro enzyme activity assays. Aerobic nitrogen-
limited chemostat cultivation was performed as described previously (52), at a
dilution rate of 0.10 h1 and with 32 g liter1 glucose in the chemostat medium.
For each chemostat, a shake flask with 100 ml preculture medium (see above for
medium composition) was inoculated with 2 ml of stock culture. After 48 h of
cultivation, the broth was transferred wholly to a fermentor containing 1 liter of
medium. The fermentor was switched to the chemostat regimen after completion
of the batch phase. When steady-state conditions were obtained, cultures were
sampled for in vitro enzyme activity measurements.
Dry weight determination. Culture samples (5 ml) were filtrated over oven-
dried and weighed nitrocellulose filters (0.45-m pore size; Pall Corporation)
and washed with demineralized water. Biomass dry weight concentrations were
determined from the weight increase after filters were dried in a microwave oven
for 20 min at 360 W. Before dry weight determination, excess CaCO3 was
dissolved by acidification of the broth with 0.2 M HCl.
Metabolite analysis. Extracellular concentrations of acetate, ethanol, fuma-
rate, glucose, glycerol, lactate, and succinate were determined by high-perfor-
mance liquid chromatography (HPLC), using a Bio-Rad Aminex HPX-87H
column eluted with 5 mM H2SO4, at a flow rate of 0.6 ml min1 and at 60°C.
Acetate, fumarate, and lactate were detected by a Waters 2487 dual-wavelength
absorbance detector at 214 nm. Ethanol, glucose, glycerol, and succinate were
detected with a Waters 2410 refractive index detector. Malate was determined by
enzymatic analysis (Enzyplus L-malic acid kit no. EZA786; Raisio Diagnostics).
Pyruvate was assayed enzymatically with a reaction mixture containing 100 mM
potassium phosphate buffer (pH 7.5), 0.17 mM NADH, and diluted culture
supernatant. Pyruvate was determined by measuring NADH consumption after
the addition of lactate dehydrogenase (6 U ml1).
Preparation of cell extracts for in vitro enzyme activity assays. Steady-state
chemostat samples were centrifuged, washed, and resuspended in potassium
phosphate buffer (10 mM, pH 7.5, with 2 mM EDTA) and stored at 20°C.
Before being assayed, samples were thawed, washed, and resuspended in potas-
sium phosphate buffer (100 mM, pH 7.5; with 2 mM MgCl2 and 1 mM dithio-
threitol). Extracts were prepared with a FastPrep 120A (Thermo Scientific) using
0.75 g glass beads (G8772; Sigma) per ml of cell suspension in four bursts (20 s
per burst at speed 6, with 60-s intervals to allow for cooling). Unbroken cells and
debris were removed by centrifugation (4°C, 20 min, 47,000  g). The superna-
tant was used for the enzyme activity assays.
In vitro enzyme activity assays. The assay mixture for malate dehydrogenase
contained 0.1 M potassium phosphate buffer (pH 8.0) and 0.15 mM NADH in
demineralized water. The reaction was started by the addition of 1 mM oxalo-
acetate. Malate dehydrogenase activity was measured spectrophotometrically by
monitoring NADH oxidation at 340 nm. Activities of pyruvate carboxylase,
isocitrate lyase, and phosphoenolpyruvate carboxykinase were determined as
described previously (10). All enzymes activities were measured at 30°C. Protein
concentrations in cell extracts were determined by the Lowry method (29) using
bovine serum albumin as the standard.
NMR measurements. D2O (0.1 ml, 99.9%; Isotec) was added to a 0.4-ml
sample in a 5-mm NMR tube. One-dimensional 1H- and 13C-NMR spectra were
obtained at, respectively, 500 and 125 MHz with a probe temperature of 280 K
on a Bruker AMX-500 spectrometer, located at the Wageningen NMR Centre.
13C enrichments were calculated from the 1H spectrum by comparing the signal
of the 13C satellites to the total signal obtained for the proton attached to the
carbon of interest. 13C enrichments of carbon atoms that were part of carboxyl
groups, which lack an adjacent proton, were calculated from the 13C-NMR
TABLE 2. S. cerevisiae strains used in this studya
Strain Genotype
CEN.PK 113-7D .............................................................................MATa, wild-type reference strain
TAM ura3 .....................................................................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52; selected
for C2 independence in glucose-limited chemostats and glucose-tolerant growth
in batch culture
RWB961 ura3 trp1 ....................................................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox
RWB961 empty vector...................................................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox {YEplac195, YEplac112}
RWB961 1PYC2 ...........................................................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox {pRS2, YEplac112}
RWB961 1MDH3SKL ...............................................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox {p426GPDMDH3SKL, YEplac112}
RWB961 1SpMAE1......................................................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox {p426GPD, YEplac112SpMAE1}
RWB961 1PYC2  1MDH3SKL............................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox {pRS2MDH3SKL, YEplac112}
RWB961 1MDH3SKL  1SpMAE1 ......................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox {p426GPDMDH3SKL, YEplac112SpMAE1}
RWB961 1PYC2  1SpMAE1 ..................................................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox {pRS2, YEplac112SpMAE1}
RWB525 1PYC2  1MDH3SKL  1SpMAE1 ..................MATa pdc1(-6,-2)::loxP pdc5(-6,-2)::loxP pdc6(-6,-2)::loxP mutx ura3-52
trp1::Kanlox {pRS2MDH3SKL, YEplac112SpMAE1}
a All strains except CEN.PK 113-7D are derived from the evolved Pdc S. cerevisiae (TAM) strain.
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spectra by comparing the signal of these carbon atoms in a completely relaxed
spectrum to the signal obtained for other carbon atoms within the same com-
pound for which 13C enrichments could be determined using 1H spectra. The
13C-enrichment data for succinate were not included in the analysis, as these
enrichments could not be determined accurately due to overlapping signals in the
NMR spectra of succinate and other compounds.
13C-labeling-based metabolic flux analysis. By iteratively fitting fluxes in a
metabolic model, a set of fluxes could be estimated that yielded 13C-enrichment
data similar to the measured NMR data, while satisfying the mass balances of the
model. The mass balances followed from the model stoichiometry and incorpo-
rated the measured consumption and production rates of carbon-containing
compounds. These included the consumption rate of glucose and the production
rates of malate, succinate, fumarate, pyruvate, glycerol, and biomass.
The metabolic model used (see Table SA1 in the supplemental material) (see
Fig. 4) was based on the S. cerevisiae genome-scale metabolic model of Duarte et
al. (11). Compartmentalization was limited to the cytosol and mitochondrion.
Cytosolic reactions include glycolysis and the pentose-phosphate pathway (mod-
eled according to Kleijn et al.) (27) as well as relevant cytosolic reactions involv-
ing C4-dicarboxylic acids. The mitochondrial compartment contains the reactions
of the TCA cycle. Since the model contains only one (cytosolic) carbon dioxide-
consuming reaction, a single spatially homogeneous carbon dioxide pool was
used in the model which, in addition to influxes of the modeled carbon dioxide-
producing metabolic reactions, included an additional influx of nonenriched
carbon dioxide to account for the dissolution of the calcium carbonate. The
stoichiometry of carbon dioxide export, the result of respiratory glucose dissim-
ilation, was calculated from the carbon balance. The gluconeogenic phos-
phoenolpyruvate carboxykinase reaction was not included in the model, as this
enzyme is subject to glucose repression and inactivation (15), and its presence
could lead to cycling between pyruvate and phosphoenolpyruvate. Scrambling
reactions were included to distribute labeling of the symmetric compounds suc-
cinate and fumarate evenly over their symmetric carbon atoms. Where possible,
the model was simplified by combining reactions. Reversible reactions were
modeled as separate forward and backward reactions. Exchange fluxes between
the cytosol and mitochondria were unrestricted in all calculations.
Consumption rates of macromolecule precursors were included in the model
to account for the demand of these precursors in biomass formation. The con-
sumption rates of these precursors were estimated using the macromolecular
biomass composition (28) at the estimated specific growth rate, combined with
the stoichiometric precursor requirements for macromolecule construction as
listed in the metabolic model of Daran-Lapujade et al. (8).
A previously described flux fitting procedure (55) was used. The sum of
squared residuals (SSres) between the simulated and measured data was mini-
mized using sequential quadratic programming, implemented in Matlab
(R2006b; The MathWorks, Inc.). End-point labeling patterns of extracellular
metabolites were used to gain insight into the overall, time-averaged contribution
of specific pathways to malate production. This approach does not allow for the
analysis of possible changes in flux distribution during the experiment.
RESULTS
Overproduction of pyruvate carboxylase, cytosolically relo-
cated malate dehydrogenase, and S. pombe malate permease.
The metabolic engineering strategy that was explored in this
study is based on the high-level expression of three proteins.
To overexpress pyruvate carboxylase, the multicopy plasmid
pRS2, which carries the PYC2 gene under the control of its
native promoter (47), was used. In S. cerevisiae, pyruvate car-
boxylase is a cytosolic enzyme (23, 43, 54, 60). Therefore, to
circumvent the need for transport of oxaloacetate and malate
between subcellular compartments, malate dehydrogenase
should preferably also be expressed in the cytosol. One of the
three malate dehydrogenase isoenzymes in S. cerevisiae,
Mdh2p, is located in the cytosol. However, Mdh2p is subject to
glucose catabolite inactivation (33, 35), which is an undesirable
property for batch cultivation on glucose. Therefore, the strat-
egy for cytosolic malate dehydrogenase overexpression was
based on retargeting the peroxisomal isoenzyme encoded by
MDH3. Peroxisomal targeting of Mdh3p is caused by a C-
terminal SKL tripeptide (32). An MDH3 allele, in which the 9
nucleotides that encode this C-terminal sequence were re-
moved, was cloned in multicopy vectors under the control of
the constitutive TDH3 promoter (Table 4). Subcellular frac-
tionation experiments on aerobic, glucose-limited chemostat
cultures, performed as described by Luttik et al. (31), con-
firmed that overexpression of the truncated MDH3 resulted in
a 20-fold increase in cytosolic malate dehydrogenase activity
(data not shown).
It has previously been reported that transport of malate
across the plasma membrane of S. cerevisiae occurs at very low
rates, probably via diffusion (58). As insufficient transport ca-
pacity might impede efficient production of malate, the S.
pombe malate transporter SpMae1p (21), which has been dem-
onstrated to mediate both import and export of malate when
expressed in S. cerevisiae (5, 59), was expressed under the
control of the TDH3 promoter from a separate multicopy
plasmid.
The expression cassettes were introduced in an evolved
pyruvate-overproducing Pdc S. cerevisiae strain (53), resulting
in strain RWB525 (Table 2). To confirm overexpression of
Pyc2 and Mdh3SKL in this strain that also carried the
SpMAE1 expression vector, pyruvate carboxylase and malate
dehydrogenase activities were analyzed using cell extracts of
aerobic, nitrogen-limited chemostat cultures grown at a dilu-
tion rate of 0.10 h1. Pyruvate carboxylase and malate dehy-
drogenase activities were 0.24 	 0.02 and 30.5 	 0.6 mol
min1 (mg protein)1, respectively. These activities were about
10-fold higher than those of an empty vector (YEplac195) refer-
ence strain, for which pyruvate carboxylase and malate dehy-
drogenase activities were 0.02 	 0.00 and 3.5 	 0.1 mol
min1 (mg protein)1, respectively.
TABLE 4. Plasmids used in this study
Plasmid Characteristics Reference
p425GPD 2m LEU2, PTDH3 Mumberg et al. (36)
p426GPD 2m URA3, PTDH3 Mumberg et al. (36)
p426GPDMDH3SKL 2m URA3, PTDH3-MDH3SKL This work
p425GPDSpMAE1 2m, LEU2, PTDH3-S. pombe MAE1 This work
pRS2 2m, URA3 PYC2 Stucka et al. (47)
pRS2MDH3SKL 2m, URA3 PYC2, PTDH3-MDH3SKL This work
pUG6 loxP-KanMX-loxP cassette Gu¨ldener et al. (22)
YEplac195 2m, URA3 Gietz and Sugino (17)
YEplac112 2m, TRP1 Gietz and Sugino (17)
YEplac112SpMAE1 2m, TRP1, PTDH3-S. pombe MAE1 This work
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Impact of pyruvate carboxylase, malate dehydrogenase, and
malate permease on malate production. To study the individ-
ual and combined effects of the different genetic modifications
on malate production, a set of prototrophic strains (Table 2)
with different combinations of PYC2-, MDH3SKL- and
SpMAE1-carrying plasmids was tested in shake flasks on syn-
thetic medium containing 100 g liter1 glucose (Fig. 2). To
prevent acidification, calcium carbonate was added as a buff-
ering agent. The addition of 50 g liter1 of CaCO3 ensured
saturation throughout the fermentation. Shake flasks were
sampled 4 days after inoculation, when glucose depletion was
confirmed by HPLC. Under these conditions, the pyruvate
decarboxylase-negative host strain S. cerevisiae TAM produced
ca. 10 mM malate. Control experiments showed that after
glucose depletion, malate consumption was negligible.
Overexpression of PYC2 alone had only a small impact on
malate production (Fig. 2). Conversely, individual overexpres-
sion of either MDH3SKL or SpMAE1 led to a ca. threefold
increase of the malate concentration reached in the shake flask
fermentation experiments. This result indicates that pyruvate
carboxylase has a low degree of control over the rate of malate
production in the reference strain.
Even in combination with either MDH3SKL or SpMAE1,
overexpression of PYC2 yielded only small increases of the
malate titer relative to strains in which MDH3SKL or
SpMAE1 were expressed individually (Fig. 2). In contrast,
the combined overexpression of MDH3SKL and SpMAE1
resulted in a 10-fold increase of the malate titer relative to
that for the Pdc reference strain (130 	 39 mM). The
highest malate concentrations (235 	 25 mM) were ob-
tained with strain RWB525, in which PYC2, MDH3SKL,
and SpMAE1 were simultaneously overexpressed. These re-
sults suggest that as malate dehydrogenase and a malate
exporter are overexpressed, the control of malate produc-
tion shifts to pyruvate carboxylase. HPLC analysis of culture
supernatants showed that in addition to malate, the engi-
neered strains produced substantial amounts of glycerol,
pyruvate, and succinate.
Product formation by strain RWB525 in shake flask cul-
tures. In the experiments shown in Fig. 2, the emphasis was on
final malate titers. The kinetics of malate production and by-
product formation were investigated in more detail for strain
RWB525, in which PYC2, MDH3SKL, and SpMAE1 were
simultaneously overexpressed. In CaCO3-buffered shake flask
cultures grown on 189 	 1 g liter1 glucose, a final concentra-
tion of 59 	 2 g liter1 malic acid was obtained, corresponding
to an overall malate yield on glucose of 0.42 mol mol1 (Fig.
3). For the fermentation shown in this figure, the average
volumetric malate production rate was 0.29 g liter1 h1 dur-
ing the period of glucose consumption, the first 192 h of incu-
bation.
In addition to malate, the engineered strain produced suc-
cinic acid (8 	 0 g liter1), glycerol (25 	 0 g liter1), pyruvic
acid (3 	 0 g liter1), and fumaric acid (2 	 0 g liter1). The
concentrations of succinate, glycerol, and fumarate increased
at rather constant rates during glucose consumption and re-
mained constant following glucose depletion. Pyruvate was
produced mainly in the first 50 h of the fermentation. After
reaching a concentration of 12 g liter1 (Fig. 3), pyruvate was
partially consumed again after glucose was depleted.
The culture pH, which remained between 5.5 and 6.5 during
the glucose consumption phase, increased after glucose deple-
tion (Fig. 3). The observed pH profile can be explained by
taking into account the presence of CaCO3 and the production
or consumption of acids. When a saturating amount of CaCO3
is added to the synthetic medium, which has a low buffering
capacity, dissolving CaCO3 will increase the pH to a value of
around 8 at equilibrium. The small initial increase in pH during
the lag phase of fermentation (Fig. 3) can therefore be ex-
plained by the dissolving CaCO3. During the glucose consump-
FIG. 2. Malate concentrations obtained in shake flask cultivations
of different strains of S. cerevisiae overexpressing combinations of
pyruvate carboxylase, malate dehydrogenase, or malate permease.
Concentrations were determined after 96 h of cultivation when glucose
was depleted (100 ml synthetic medium in 500-ml shake flasks, 100 g
liter1 glucose, 5 g CaCO3). Each bar represents a strain. A plus sign
() below the bar indicates that the gene shown at the end of the row
(PYC2, MDH3SKL, or SpMAE1) is overexpressed in that particular
strain. If a minus sign () is listed, the gene was not overexpressed.
Error bars indicate standard deviations (each strain was tested at least
twice).
FIG. 3. Extracellular metabolite concentrations during a represen-
tative shake flask fermentation of RWB525 (100 ml synthetic medium
in a 500-ml shake flask, 188 g liter1 initial glucose, 15 g CaCO3, 1 g
liter1 initial biomass). Glucose (f), malate (), glycerol (F), succi-
nate (E), pyruvate (Œ), fumarate (‚), and pH (}; dashed line) are
shown. End point determinations of two additional experiments
yielded quantitatively similar results. Standard deviations for these
experiments are indicated in the text.
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tion phase, the production of acids results in a net decrease in
pH. Finally, after glucose depletion, the pH increased again
due to consumption of pyruvate and dissolving CaCO3 (Fig. 3).
Verification of the malate production pathway. The malate
yield of 0.42 mol (mol glucose)1 reached in the batch exper-
iments with strain RWB525 did not surpass the maximum
theoretical yields of the less-efficient pathways. For the design
of future optimization studies, it is important to know whether
the less-efficient, oxidative pathways contribute to malate pro-
duction by the engineered strains.
To test whether the glyoxylate routes contributed to malate
formation by strain RWB525, the activity of the crucial enzyme
isocitrate lyase was measured using cell extracts of malate-
producing shake flask cultures. Isocitrate lyase activity was
below the detection limit of the assay (0.005 mol min1 [mg
protein]1), whereas positive controls (RWB525 and the wild-
type reference strain grown on ethanol) reproducibly showed
isocitrate lyase activities of 0.1 to 0.2 mol min1 (mg pro-
tein)1 which, for the reference strain, are in good agreement
with literature values (9). The absence of detectable isocitrate
lyase activity is consistent with the fact that this enzyme is
subject to glucose catabolite inactivation (37) and was taken as
evidence that the glyoxylate routes do not contribute to malate
production by strain RWB525. Similarly, phosphoenolpyruvate
carboxykinase activities in these cell extracts were below the
detection limit of the assay (0.005 mol min1 [mg pro-
tein]1), whereas a positive control of the wild-type reference
strain grown on ethanol showed an activity of 0.4 mol min1
(mg protein)1.
Enzyme activities cannot be used to assess the contribution
of the nonoxidative pathway and oxidative formation of malate
via the TCA cycle. Therefore, a 13C-NMR-based metabolic
flux analysis was performed with strain RWB525 grown in
shake flask cultures on 100 g liter1 [1-13C]glucose. This ap-
proach, based on the dependency of 13C labeling patterns of
extracellular metabolites on the intracellular fluxes, has been
applied previously to study pathways of malate formation in
strains of A. flavus and S. cerevisiae (38, 40).
After 3 days, when no residual [1-13C]glucose could be de-
tected, culture supernatants were analyzed by NMR. Enrich-
ments were measured for malate, succinate, fumarate, glycerol,
and pyruvate. Two types of 13C-enrichment data were ob-
tained: positional, indicating 13C enrichment at specific carbon
positions (e.g., the C-2 of malate), and relative, indicating the
fraction of molecules, 13C labeled at carbon position A, that
are also 13C labeled at neighboring position B (Table 5). Flux
analyses were performed using both physiological and enrich-
ment data combined with a metabolic model, as described by
Wiechert (62). The metabolic model consisted of glycolysis, the
pentose phosphate pathway (PPP), the TCA cycle, and the
relevant reactions of cytosolic C4-dicarboxylic acid metabo-
lism. Based on the absence of measurable isocitrate lyase and
phosphoenolpyruvate carboxykinase activities (see above), the
glyoxylate cycle and the phosphoenolpyruvate carboxykinase
reaction were omitted from the model.
The measured consumption and production rates for glu-
cose, malate, succinate, fumarate, pyruvate, and glycerol were
used as constraints for the mass balances of the metabolic
model. The increase in biomass concentration was 6 g of dry
weight liter1, as determined by using two shake flasks with
non-13C-enriched glucose. An estimated average specific
growth rate in the cultures of 0.10 h1 was used to estimate the
consumption rates of precursors for biomass formation.
The obtained optimal fit for flux distribution in strain
RWB525 represents a situation in which all excreted malate is
derived via the nonoxidative pathway, i.e., by carboxylation of
pyruvate and the subsequent reduction of oxaloacetate to
malate by malate dehydrogenase (Fig. 4). In this situation, the
TCA cycle supplies only the excreted succinate, and mitochon-
drial pyruvate is supplied by mitochondrial import of cytosolic
pyruvate and by malic enzyme. The mitochondrial malate re-
quired for the latter reaction is supplied by mitochondrial
import of cytosolic fumarate followed by its conversion to
mitochondrial malate. The minimized covariance-weighted
sum of squared residuals (the flux-fit error) between the mea-
sured and fitted 13C enrichments was 8. Deviations of 1%
(absolute) between all measured and simulated enrichment
percentages (which is the estimated measurement error) would
have resulted in an error of 15.
The estimated flux distribution shown in Fig. 4 was consis-
tent with exclusive involvement of the envisaged nonoxidative
pathway. However, it remained relevant to assess to what ex-
tent an involvement of the oxidative TCA cycle pathway would
result in a worse fit of the 13C-enrichment data. To this end, a
sensitivity analysis was performed by fixing the net cytosolic
malate dehydrogenase and malic enzyme fluxes in the model to
reduced values, while allowing the optimization algorithm to
change the remaining fluxes to minimize the fitting error. The
malic enzyme flux was included in this sensitivity analysis, since
TABLE 5. 13C enrichments of metabolites in the supernatanta
Metabolite





Pyruvate Positional C-2 1 1 1
C-3 (
 1.43) 46 46 45
C-3 (
 1.34) 46 45 45
Malate Positional C-1 5 ND 5
C-2 15 15 17
C-3 33 32 32
C-4 6 ND 5
Relative C-1 given that C-2 5 4.5 6
C-2 given that C-1 21 20 19
C-2 given that C-3 4 4 5
C-3 given that C-2 10 10 10
C-3 given that C-4 28 30 31
C-4 given that C-3 5 4.5 4
Glycerol Positional C-1/C-3 (
 3.48) 26 25 25
C-1/C-3 (
 3.57) 25 23 25
C-2 1 1 1
Fumarate Positional C-2/C-3 25 25 25
a The supernatant was sampled after 72 h of cultivation in shake flasks con-
taining pure [1-13C]glucose. The estimated error for the determination of the 13C
enrichments is 1% (absolute to the measurement). Positional 13C enrichments
indicate the enrichment at specific carbon positions. Relative enrichments indi-
cate the fraction of molecules, 13C labeled at carbon position A, that are also 13C
labeled at neighboring position B. This is presented as “B given that A.” ND, not
determined.
b Chemical shifts (
, in ppm) are given in parentheses.
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this flux has a large influence on the amount of freedom in the
model, and in vitro enzyme activity measurements for malic
enzyme were unsuccessful, probably due to interference by
CaCO3 (data not shown). The flux-fit error increased at low
malic enzyme and low net cytosolic malate dehydrogenase
fluxes (Fig. 5). For the extreme case where both these fluxes
were set to zero, all excreted C4-dicarboxylic acids were de-
rived from the TCA cycle (Fig. 6, upper values in each set of
three values). The flux-fit error for this condition increased
from 8 for the best fit to 160, over 10 times higher than ex-
pected based on measurement error alone. When the malic
enzyme flux was set to zero but the malate dehydrogenase flux
was left free, the best fit represented a situation where the
TCA cycle supplied the excreted succinate and fumarate, but
the nonoxidative pathway still provided 94% of all excreted
malate (Fig. 6, middle values). The flux-fit error for this situ-
ation was 18, double the flux-fit error for the best fit. In the
other extreme scenario, the net cytosolic malate dehydroge-
nase flux was forced to zero, while the malic enzyme flux was
fixed at the value obtained for the fit shown in Fig. 4. In this
scenario, 35% of the excreted malate was produced via the
nonoxidative pathway, while the remainder was produced via
the oxidative TCA pathway (Fig. 6, lower values). In this case,
all succinate and fumarate were derived from the TCA cycle.
For this situation, the flux-fit error was 12, 1.5-fold higher than
the flux-fit error for the best fit.
DISCUSSION
Contribution of different pathways to malate production.
High-yield production of malate by engineered S. cerevisiae
strains requires the exclusive use of the nonoxidative pathway
of malate production. While involvement of the glyoxylate
pathways could be excluded based on enzyme activity assays,
this method was not applicable for analyzing involvement of
the oxidative TCA cycle pathway. Use of [1-13C]glucose to
distinguish between the production of malate via the nonoxi-
dative route and oxidative TCA cycle pathways has been de-
FIG. 4. Flux estimates for the 13C-based metabolic flux analysis of RWB525 under malate-producing conditions in shake flasks. Fluxes (in
moles) are normalized for a glucose uptake of 100 mol. Arrows indicate the direction of the (net) flux. In the case of reversible reactions, the
exchange flux is included in parentheses. Some arrows are dashed to improve readability. Metabolites present in both compartments are
differentiated by the indicators “cyt” (cytosol) and “mit” (mitochondrion).
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scribed previously (38). That approach was based on the as-
sumptions that conversion of [1-13C]glucose through the
nonoxidative pathway yields [3-13C]malate, that the oxidative
glyoxylate pathway would yield [2,3-13C]malate, and that the
oxidative TCA cycle pathway would result in the formation of
[1,2,3,4-13C]malate. Strong 13C enrichment of malate at the
C-3 atom would then be indicative of an active nonoxidative
pathway (38).
Several effects may complicate the above interpretation of
13C-labeling patterns of malate. First, 13CO2, a product of the
oxidative PPP, can participate in carboxylation reactions. Sec-
ond, the nonoxidative part of the PPP yields [1,2,3-13C]pyru-
vate (27). Moreover, reversible reactions often result in more-
complex labeling. For example, even in the absence of a net
flux, malate dehydrogenase activity can equilibrate the labeling
patterns of oxaloacetate and malate. Oxaloacetate can then be
used in the oxidative TCA or glyoxylate cycle pathways. Alter-
natively, interconversion of malate and fumarate by fumarase
may result in redistribution of malate labeling due to the sym-
metry of fumarate. These “scrambling” effects are especially
relevant when, as is the case in the present study, malate yields
are significantly lower than the maximum theoretical yield.
These complications were taken into account in the metabolic
flux analysis performed in this study. Their impact can, for
instance, be seen in the optimal fit scenario (Fig. 4), in which
all excreted malate is derived from the nonoxidative pathway,
but the calculated 13C labeling of the C-3 of malate was only
32%. This enrichment is much lower than the 51% enrichment
that would be predicted when [1-13C]glucose is converted
solely via the nonoxidative pathway without interference of
scrambling reactions. By taking into account the involvement
of the PPP, which in the model results in a 13C enrichment at
the C-3 atom of pyruvate of only 45%, and a high fumarase
exchange flux, resulting in redistribution of the 13C label over
the C-2 and C-3 carbon atoms of malate, it was nevertheless
fully compatible with the exclusive involvement of the nonoxi-
dative pathway.
Although the best fit for the observed 13C labeling patterns
indicated an exclusive involvement of the nonoxidative path-
way (Fig. 4), the flux-fit errors of alternative scenarios that
involved a contribution of the oxidative TCA cycle pathway
were not high enough to reject them. An argument in favor of
a predominant role of the nonoxidative pathway in malate
production is the strong positive effect of MDH3SKL over-
expression on malate production (Fig. 2). As malate dehydro-
genase overexpression specifically targets the nonoxidative
pathway, its key role in malate production seems difficult to
reconcile with flux fits in which the oxidative TCA cycle path-
way made a significant contribution and cytosolic malate de-
hydrogenase activities were low or absent (Fig. 6).
Metabolic engineering of S. cerevisiae for malate production.
In a previous study, we developed a pyruvate decarboxylase-
negative strain of S. cerevisiae that lacks two important pheno-
typic characteristics of such strains: the requirement for a C2
compound and an inability to grow at high glucose concentra-
tions (53). The results presented in this study confirm that this
strain is a suitable platform for metabolic engineering: high
levels of malate were produced under conditions that would
result in vigorous alcoholic fermentation in wild-type strains.
The present study shows that the S. pombe malate trans-
porter SpMae1p, which has previously been applied to meta-
bolically engineer S. cerevisiae for improved malate uptake (5,
59), can also be used to facilitate malate export. Malate export
was shown to be a crucial process in metabolic engineering of
S. cerevisiae for malate production (Fig. 2). However, the re-
quirement for a heterologous malate transporter was not ab-
solute. Even in the absence of SpMAE1, strains that overex-
pressed PYC2 and especially MDH3SKL produced higher
concentrations of malate than the pyruvate decarboxylase-neg-
ative host strain (Fig. 2). Under the experimental conditions,
the intra- and extracellular pH values were above the pKa
values of malate (3.40 and 5.11), with only a small fraction of
malate present in its uncharged, fully undissociated form. As it
is unlikely that malate anions can diffuse freely across the
plasma membrane at a significant rate, these results suggest the
presence of a low-capacity native malate exporter. Indeed, a
dicarboxylate transporter in S. cerevisiae was recently identified
(2) and was shown to transport succinate with competitive
inhibition by malate.
The impact of overexpressing PYC2 was generally small,
except when MDH3SKL or SpMAE1 was also overexpressed.
This result can probably be explained by very low cytosolic
malate dehydrogenase and malate transport activity in the host
strain. In wild-type S. cerevisiae, Mdh2p, the cytosolic isoen-
zyme of malate dehydrogenase (34), is subject to glucose-in-
duced proteolysis (46) and glucose repression at the mRNA
level (50). In contrast, pyruvate carboxylase is an essential
anaplerotic enzyme that is expressed at significant levels in
glucose-grown cultures of wild-type S. cerevisiae (23, 43,
54, 60).
The highest malate yield achieved in this study (0.42 mol per
mol glucose) is still significantly lower than both the maximal
theoretical yield that can be achieved via reduction of oxalo-
acetate (2 mol per mol) or the actual yields that have been
achieved with A. flavus (up to 1.26 mol per mol glucose), which
FIG. 5. Sensitivity analysis showing the covariance-weighted sum of
squared residuals (the flux-fit error) between measured and fitted
13C-enrichment data over a range of malic enzyme and net cytosolic
malate dehydrogenase fluxes. Optimizations were run at various fixed
malic enzyme fluxes. For each malic enzyme flux, the net cytosolic
malate dehydrogenase was forced stepwise from the free fit value to
lower values. Flux distributions of the square data points are shown in
detail in Fig 4 and 6: the top right point represents the best fit (Fig. 4),
the lower left, top left, and lower right are, respectively, the upper,
middle, and lower values in Fig. 6. The black surface in the lower left
of the figure contains errors higher than 150.
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lacks “generally recognized as safe” (GRAS) status. Malate
production in the best-performing S. cerevisiae strain
(RWB525) was accompanied by respiratory dissimilation of
glucose and the formation of pyruvate, glycerol, succinate, and
fumarate. The residual production of pyruvate, the precursor
for malate production and the main metabolite produced by
the Pdc host strain (53), indicates that the kinetics of the
malate production pathway can still be further improved. Glyc-
erol production is probably a consequence of the combination
of a high rate of pyruvate production and a limited capacity for
reoxidation of cytosolic NADH by mitochondrial respiration
(3). This limitation may have been augmented by oxygen lim-
itation, which readily occurs in shake flask cultures. With re-
gard to succinate and fumarate, we observed higher concen-
trations of these acids after the introduction of SpMAE1p,
suggesting that in addition to malate, SpMAE1p also mediates
the export of succinate and fumarate. This observation is in
agreement with earlier findings with S. pombe, where SpMAE1
is required for malic and succinic acid import (21). In addition,
the overexpression of SpMAE1 in S. cerevisiae has been
reported to enable import of malic, succinic, and fumaric
acids (5).
The malate titers and yields achieved in this study are the
highest that have hitherto been reported for S. cerevisiae (Ta-
ble 1) and provide a good basis for further metabolic engineer-
ing of the production of C4-dicarboxylic acids by S. cerevisiae.
Analysis and improvement of the in vivo kinetics of malate
production, as well as analysis of the pathways involved in
FIG. 6. Flux profiles for three highlighted situations from the sensitivity analysis of Fig. 5. Fluxes (in moles) are normalized for a glucose uptake
of 100 mol. Arrows indicate the direction of the (net) flux. In case of reversible reactions, the exchange flux is included in parentheses. Some arrows
are dashed to improve readability. Metabolites present in both compartments are differentiated by the indicators “cyt” (cytosol) and “mit”
(mitochondrion). Upper numbers in each set of three, malic enzyme and net cytosolic malate dehydrogenase fluxes forced to 0; middle numbers,
malic enzyme flux forced to 0; lower numbers, malic enzyme flux forced to the value obtained for the best fit and net cytosolic malate
dehydrogenase flux forced to 0.
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byproduct formation, will be important aspects of future re-
search.
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